Introduction
Chagas disease is caused by the parasite Trypanosoma cruzi and is considered endemic in 21 Latin American countries. It currently affects around 10 million people in Latin America, and 10 to 30 per cent of cases have developed or will develop cardiac, digestive or nervous system disorders [1] . In the last two decades many efforts have been made to reduce the incidence of Chagas disease in endemic countries [2] , but exchange of population between Latin America and Europe, the United States, Australia and Japan has resulted in increased detection of T. cruzi in these countries [3] . In non-endemic regions, the parasite can be transmitted vertically (congenital transmission from mother to fetus), and by infected blood and organ donors [4] .
In 2008, more than 38 million migrants were living in Europe, of whom 11% came from Latin America [5] . This figure did not include migrants without valid residency permit (irregular, undocumented migrants) [6] , people born outside Europe who have acquired citizenship of a European country, or children from foreign countries adopted by European families. Official figures thus clearly underestimate the number of migrants from endemic areas, and therefore also the number of T. cruzi-infected people.
Currently, only a small number of persons infected with T. cruzi have been detected in Europe [4] . Several reasons account for this fact:
• Most European health professionals have little or no experience with the detection and management of Chagas disease [7] . • Access to screening programmes for the communities at risk is very limited as only a few institutions offer screening, mostly in major urban areas. • The diagnosis of the chronic phase is usually delayed as most patients remain asymptomatic for many years [8] .
There is no common European legislation to prevent the transmission of T. cruzi by blood donation, although in Spain and France screening of Latin American donors is mandatory, while in countries like Italy or the United Kingdom (UK) blood donation by migrants from endemic Latin American countries is prohibited and their country of origin is recorded by questionnaire [4] .
Only some autonomous communities of Spain, such as Valencia [9] and Catalonia [10] , have protocols for screening of pregnant women from Latin America to prevent congenital transmission. The rest of Spain and other European countries, except for some focal institutional experiences [11] , have not adopted any governmental preventive measures yet.
Very few studies have estimated the prevalence of Chagas disease in European countries [12] [13] [14] [15] . In Spain, it was estimated that between 40,000 and 65,000 residents were infected with T. cruzi in 2009 [4] , while in other European countries the estimate range was between 12,000 and 15,000 [16] .
The lack of an information system to report Chagas disease cases and transmission in all European countries makes it difficult to provide an overall figure of all diagnosed cases in Europe so far, and therefore no exact overview of the burden and public health impact of Chagas disease in Europe can be made.
For this reason, the World Health Organization (WHO) set up in 2009 a working group of experts on Chagas disease from those European countries where T. cruzi-positive cases had been detected (Austria, Belgium, Croatia, Denmark, France, Germany, Italy, the Netherlands, Portugal, Romania, Spain, Sweden, Switzerland and United Kingdom). The aim was to collect and asses the available information, create a network of experts to exchange information and experience between countries and define a common strategy for the epidemiological surveillance of Chagas disease [17] .
This paper presents the efforts of this group of experts to provide a preliminary view of the situation in Europe, using a consensual, homogeneous methodology. The objectives of this study were to estimate the expected and observed prevalence of cases of T. cruzi-infected people from endemic countries of origin, the annual incidence of congenital transmission and the estimated rate of underdiagnosis among cases of T. cruzi infection in 2009 in the participating countries.
Methods

Study design and population
An epidemiological study was designed to analyse aggregate measures of the prevalence of T. cruzi infection and the incidence of congenital transmission of Chagas disease in 2009. The units of observation were the European countries that according to the WHO estimate, had more than 400 cases of Chagas disease [4] , i.e. Belgium, France, Germany, Italy, the Netherlands, Portugal, Spain, Switzerland and the UK.
Case definition
For the purposes of this study, according to the WHO case definition [18] , a case of Chagas disease was considered as any individual who, as a result of a screening programme or of testing as a possible case, was positive for antibodies against T. cruzi in two serological (ELISA) assays.
Inclusion and exclusion criteria
The target population included three categories:
• Subjects of any age born in countries endemic for Chagas disease who were regular residents of the above-mentioned European countries in the year 2009 or the latest year for which this information was available. • The undocumented migrants from disease endemic countries resident in the above-mentioned European countries. • Children born in countries endemic for Chagas disease and adopted by families from the above-mentioned European countries.
Latin Americans not born in countries endemic for Chagas disease (e.g. the Caribbean islands) were excluded.
European travellers to endemic countries and cases of Chagas disease diagnosed in European travellers presumably infected in endemic countries were excluded due to the small expected number of cases and the difficulty in obtaining information about them.
Information sources
The study population was quantified using official published data obtained from national institutions in the included European countries, Eurostat and data collected by the working group and collaborators of the project. All these sources are listed in Table 1 and the corresponding data are shown in Table 2 .
The numbers of diagnosed cases of Chagas disease in each European country was provided by members of the national reference institutions and members of the WHO working group.
The infection rates used to calculate the expected prevalence rate among the estimated resident population of Latin Americans in European countries (Table  3) were those published by the WHO in 2006 [19] . The rates for Bolivia were calculated according to available data on the Bolivian population living in Europe [20, 21] . The rates for French Guyana and Surinam were provided respectively by the Institute of Health Surveillance (Institut de Veille Sanitaire, France) and by the Department of Medical Microbiology of the University of Amsterdam (the Netherlands) and rely on estimations on immigrants from these countries living in Europe. The applied rates of congenital transmission (1.4% and 7.3%) came from cohorts of migrant pregnant women living in Europe [11, 22] .
Data collection and analysis
To estimate the expected prevalence of T. cruziinfected people in the studied countries, we first calculated the number of regular residents originating from endemic countries, according to the data published by the national statistical institutes in each country. When there were no published data, these were obtained from governmental sources or from members of the working group (Table 1) .
To calculate the undocumented migrant population, we used estimates from governmental sources, national referral centres and indexed and non-indexed publications (Table 1 ). In the case of Spain, the official number of regular residents was subtracted from the number of migrants included in the municipal census.
In the case of children born in endemic countries and adopted by European families, we sought official data sources on adoption by country of birth ( Table 1 ). The inclusion of this population in the study depended on the availability of data on adoptions, and finally data from five countries (Belgium, France, Italy, Spain, and Switzerland) were included.
To obtain the expected absolute number of cases of T. cruzi infection, the number of regular and undocumented migrants from Latin America and the number of adopted children, stratified by country of origin, was multiplied by the corresponding national infection rates in the countries of origin. A two-sided confidence intervals method with continuity correction for the single proportion [23] was applied to calculate the expected number of cases in migrants for every endemic country of origin. The expected number of cases obtained was divided by the corresponding reference population to obtain the expected prevalence rate (shown as percentage). In the case of minimum and maximum values for reference population, an average value was applied to calculate the expected prevalence.
To calculate the observed prevalence of T. cruzi-infected people, the members of the working group were asked to actively search for cases diagnosed in their country up to the year 2009, dividing this amount by the total reference population to obtain the observed prevalence rate, shown as percentage.
To estimate the expected annual incidence of congenital transmission, national data on annual births of children of women from endemic areas stratified by country of birth or nationality of the mother as registered in 2009 or the latest year available was collected ( Table 1) . These figures were multiplied by the respective rates of infection in endemic countries, which provided an estimate of the absolute number of mothers infected with T. cruzi who gave birth in one year. Applying the range of congenital transmission rates (1.4% to 7.3%) to this result gave an estimate of the number of T. cruzi-infected children born in each participating European country. The annual incidence rate of congenital transmission in the population at risk was obtained by dividing the number of children infected in one year by the number of pregnancies in that year.
To estimate the index of underdiagnosis we calculated the rate ratio between the observed and expected prevalence rates. The result represents the proportion of diagnosed cases divided by the total estimated cases. The index is presented as a percentage obtained from the following formula: 1-rate ratio. 
Results
More than three million migrants from endemic countries (MEC) were estimated to live in the nine European countries included in the study, representing 1% of the total population living in Europe. Due to immigration from Brazil, Portugal was the country with the highest percentage of migrants coming from endemic areas.
Among the countries where no Romance language is spoken, the Netherlands had the highest percentage of migrants coming from endemic countries, mainly from Surinam (84% of MEC in the Netherlands), a former Dutch colony and an endemic country for Chagas disease with a low infection rate.
Prevalence in migrants and adoptees
For details about MEC living in Europe, multiple sources of information were used (Tables 1 and 2 ). However, it was not possible to identify all people at risk due to the lack of data stratified by endemic country. Between 40,227 and 62,724 people infected with T. cruzi resided regularly in the included countries, accounting for between 1.8% and 2.8% of all regular MEC ( Table 4 ). The highest prevalence estimation for regular MEC was seen in Spain, where between 2.3% and 3.8% of them were infected with T. cruzi.
The estimated numbers of undocumented MEC infected by T. cruzi were very high: prevalence estimations were substantially higher than for regular MEC, with the highest estimated prevalence in Spain (between 3.9% and 7.8% of undocumented MEC), and Switzerland (between 2.5% and 7.8% of undocumented MEC).
France had the highest number of positive cases among children adopted from endemic countries, although these were from countries with low infection rates. Cases represented between 0.8% and 2% of French adoptions from endemic countries. The overall expected prevalence in the participating countries ranged from 1.2% to 2.4% of total adoptions of children from endemic settings.
Congenital transmission
In the studied countries almost 53,000 children were born in 2009 from mothers originating from endemic countries. Of these, between 1,347 and 2,521 were born from mothers infected with T. cruzi, and there was congenital transmission in between 20 and 184 cases. This corresponds to between none and three infected children per 1,000 births to mothers at risk ( Table  5 ). With 67% of births from mothers originating from endemic countries occurring in Spain, almost 90% all of cases of congenital transmission occurred in that country. In other countries, there were between none and six cases of congenital transmission per year.
Underdiagnosis
By 2009, 4,290 cases of infection with T. cruzi were diagnosed in the study countries (Table 6) , and 89% of all cases were detected in Spain. The total observed prevalence rate was 0.13% of the total MEC. The lowest observed rates occurred in Germany (0.002%) and the Netherlands (0.003%) and the highest in Switzerland (0.223%).
The index of underdiagnosis shows that, in general, between 94% and 96% of expected cases were not diagnosed ( Table 6 ). The index of underdiagnosis was lowest in Switzerland, where between 89% and 95% of expected cases were not detected, while in Germany, the Netherlands, Portugal and the UK, more than 99% of expected cases in migrants were not diagnosed.
Overall, the Latin American nationalities with the greatest presence in Europe were Brazilans, Colombians and Ecuadorians, although most expected cases of Chagas were attributed to Bolivian migrants (Table 3 ).
Discussion
The Control of Chagas disease is a recent public health challenge in many countries in Europe. The reason is that it is an imported disease mainly affecting the migrated poor population from different Latin American countries who often have limited access to diagnosis and treatment of this disease. This also makes it difficult to quantify the disease impact in terms of expected cases. However, it is a challenge that requires urgent action due to the risks involved in the context of blood, organ and tissue donation, and the risk of congenital transmission to infants of infected mothers. In addition, the presence of potentially infected population groups who may present with heart, digestive tract and general disorders in the medium and long term, needs to be considered also with a view to the individual patient and the impact on clinical costs.
To quantify the European expected prevalence the authors decided to use initially the WHO official infection rates for every disease endemic country [18] . On the other hand, it was observed that all prevalence studies on Latin American immigrants living in Europe showed rates in the Bolivian community higher than the 6,75% WHO official estimated rate [20, 21, 24, 25] . For this reason we preferred to use a more realistic range for Bolivian migrants (minimum 10.0%, maximum 27.5%) that was based on the known epidemiological situation in Europe. This choice could have introduced some bias at the methodological level by elevating the results in only one community. Nevertheless, the authors believe that this decision was necessary because the final results were closer to the reality that professionals involved in the detection of cases see every day in health systems.
Another relevant point is that other applied national infection rates, based on the population in diseaseendemic countries, do not take into account the effects of heterogeneity of the immigrant population living in Europe (i.e. age groups, socio-economic differences, rural-urban origin, etc.) and these differences are not reflected in the results.
The results of this study highlight the difficulty in obtaining accurate data on the population at risk and specific information on diagnosed cases, the lack of official national data, the underestimation of migrants in the official figures, and the lack of a system for reporting detected cases in non-endemic countries.
According to the estimations of expected cases in the different non-endemic countries, and to offer a better view of the situation, we classified the countries in three groups. The first category includes only Spain, which accounts for almost 75% of expected cases. The second group is represented by France, Italy and the UK, while the third group is represented by the other non-endemic countries (Belgium, Germany, the Netherlands, Portugal and Switzerland). The key role played by Spain in the prevention and control of Chagas disease in Europe is not only due to the high expected prevalence of T. cruzi infection, but also relates to its pivotal position in the migrant flow to Europe and the cultural and linguistic proximity to Latin American countries. France has played a key role in the development of recent studies and specific interventions and regulations for Chagas disease [26] , although the country had a low expected number of cases. This and the existence of French national territory in the endemic region of Latin America (French Guyana) places France in a distinctive position in the prevention and control plans for Chagas disease in non-endemic European countries. Table 6 Diagnosed cases, observed and expected prevalence rates and percentage of underdiagnosis of Chagas disease in migrants from endemic areas residing in nine studied European countries, up to 2009
Country Annual births
Infected pregnant women (min-max) Infected infants (min-max)
Number of cases
The observed prevalence was extremely low, compared with the expected rates, in Belgium, the Netherlands, Portugal and the UK, suggesting a lack of awareness and interventions (protocols, studies, etc) against Chagas disease in those countries. The UK, especially London where most Latin American immigrants to the UK reside [27] , ranks second in Europe in terms of residents estimated to be infected with T. cruzi and cases of congenital transmission, with numbers nearly identical to those of Italy. These results are entirely novel and in contrast to UK estimates published in previous studies [16] . This discrepancy could be due to potential underestimation in official statistics of the Latin American population actually resident in the UK.
The study highlights the presence of positive cases in undocumented migrants, especially in Spain, Italy and Switzerland. These countries have large Bolivian communities not represented in official statistics [24, 28] that makes it even harder for the national authorities to identify the population at risk. On the other hand these results can offer only an incomplete picture of the reality due to the limitations of estimating the reference population. Nevertheless the present study offers new information not included in previous studies that only included documented migrants [3, 15] . The fact that being an undocumented migrant could be associated with originating from poor endemic areas with higher prevalence rates highlights the value of developing demographic studies that can contribute to providing more reliable estimates of this population.
The estimated results on underdiagnosis are a good indicator of the limited epidemiological impact of Chagas disease in the context of European health and surveillance systems. Epidemiological silence, understood as the lack of detected cases, which is common in some European countries, shows the need for greater involvement of European health authorities in controlling neglected tropical diseases, among others Chagas disease. The priority could be the implementation of screening programmes of target populations and the training of professionals in the detection of possible cases. The legislation or protocols already implemented in countries such as Spain or France would be very useful to reduce the differences in preparedness and available programmes between European countries. Such collaboration would be of help in developing a European surveillance system, which is essential for further progress in controlling Chagas disease.
The control of congenital transmission is undoubtedly one of the most important measures for the prevention and control of Chagas disease that should be addressed by surveillance systems because of the effectiveness of treatment in infants. Likewise, the establishment of regulations for blood and organ donation is essential to limit the impact of Chagas disease in countries where there is no vector transmission. Systematic screening of the risk population, at present only carried out in some regions of France, Spain and Switzerland, should also be introduced after carrying out cost-effectiveness analyses to decide which measures could be most appropriate.
In terms of public health, the authors believe that the main proposals and challenges for European countries where cases have already been identified or that have residents from endemic areas are:
• To create an international information and surveillance system for the reporting of cases, control of transmission, exchange of information between European countries, and training of primary healthcare workers. • To carry out studies to define the risk of congenital transmission in pregnant women from Latin America and to evaluate the impact of potential screening protocols for the control of congenital transmission according to the results obtained. • To carry out epidemiological studies allowing for reliable estimation of true prevalence rates among immigrants resident in Europe. • To consider systematic screening (by questionnaire or serological tests) blood, organ and tissue donors from endemic Latin American regions. • To publish official statistics of migrants from Chagas-endemic countries in each European country containing data by regular and irregular status according to their country of origin. • To facilitate access to diagnosis and treatment to groups of migrants at risk of being excluded from the national health systems such as undocumented immigrants. • To reinforce the teaching on international health and tropical diseases in the curricula of health sciences in European Universities.
